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ABSTRACT
The hypotheses explaining adaptiveness of die; vertical migration
of zooplankton are reviewed. The tuo most plausible hypotheses,
i.e. demographic advantage and predation are compared. The combined
results of field sampling, laboratory predation experiments, labora
tory cultivation and demographic techniques suggested that the pre—
dation hypothesis is the most important one and that the others,
if uorking simultaneously, are supportive.
The mechanisms leading to selective exploitation of zooplankton,
uhich are often considered to be based on prey size. are studied.
Deviations from the size—selection principle come mainly from studies
uith juvenile fish and studies emphasizing the general visibility
of prey. The models are evaluated against simultaneus field sampling
of zooplankton and juvenile fish. Single characteristics of the prey,
such as size, were shoun in field studies to he inadeguate in fully
explaining prey exploitation patterna. Optimal foraging principles
are suggested as a general—approach, since they allow flexibility
in prey characters. It uas shown that juvenile fish do not select
their food strictly according to size—selection principles. Important
factors were prey availability, which evidently reflects the behav—
ioural differences of prey species. prey abundance. uhich affects
the size spectrum the predatator uses, and especially the combination
of prey size and abundanee and availability: the total prey biomass.
Recent reviews of life-cycle strategies against predation failed
to account for life-cycle parameters other than size. The connection
betueen seleetive predation, prey behaviour and life-cycle parameters
of Eurytemora were demonstrated in terms of reproductive costs. The
morphological defense of a Daphnia species uas shown to also include
central life—cycle parameters other than size. It is concluded that
the costs of reproduction are only incompletely assessed if the costs
associated uitli external environment, such as predation are not con—
sidered. Adaptation to these external factors may end in a trade-off—
situation like in the vertical migration of Eurytemora. In this the
animals attain a balance between the predation costs and reproductive
advantage found in the surface layer, or in a morphological defence,
uhere cyclomorphic daphnids trade betueen defensive structures and
0ff spring.
Key words: predation, selective planktivory, vertical migration,
life-cycle strategies, Eurytemora, Daphnla
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5PREFÄCE
The central discovery of the vertical migration papers, i.e. the
different distribution of ovigerous and non—ovigerous females of
Eurytemora, was made while counting plankton samples for a
pollution monitoring study. Later, working together with Marjut
Rajasilta and Jukka Salo, this finding was combined with the
results of laboratory predation experiments and with the
measurements of development times at different temperatures.
Stephen Stearns turned my attention to the connection between
migration and reproductive costs and the result was the
demographic study on Eurytemora.
The studies on selective predation were initiated in a study
on the consequences of eutrophication in coastal areas. The work
was continuod in the graduate thesis of Christian Hangelin,
which 1 supervised while working as assistant teacher in the
laboratory of Ecological Zoology, the University of Turku. The
research is stili continuing at the Finnish Institute of Marine
Research.
The laboratory cultivations of Eurytemora for Paper 1 led to
experiments with DapMa cultures in cooperation with Juha Tuomi
and Matti Kiiskilä, and later on with Matti Ketola, producing
finally Paper VI on life-cycle strategies and predation.
The laboratory and field studies of Papers 1, II and III
were conducted at the Archipelago Research Institute and
received financial support from the University Foundation of
Turku, which 1 aoknowledge with thanks. While working at the
University of Turku 1 received continuous encouragement and a
lot of insight from discussions with my oolleagues at the
laboratory and especially from Prof. Erkki Haukioja.
The final impetus for finishing the work comes from the
Finnish Institute of Marine Research, which has provided
excellent working facilities and made it possiöle for me to
concentrate on the work, without the inevitable trade-off
between research and teaching always present in a University.
6The relativej.y extensive literature review of this work would
have taken considerably longer time without the extremeiy good
library services available at the Institute. 1 wish to present
my sincere thanks to the director of the Finnish Institute of
Marine Research, Prof. Aarno Voipio, for continuous interest and
support.
Most of ali 1 wish to thank my friend and my wife Kirsi.
Helsinki 17.10.1986
lippo Vuorinen
Finnish Marine Research No 253:3-33
(1986)
7INTRODUCTION
The function of aquatic ecosystems has been figured as based on
solar radiation and the energy flow through the producers and
subsequent consumer leveis and the parallel decomposer chain
(Lindeman 1942, Odum 1953). Evidently this “food cliain” model is
derived from the idea of the Eltonian pyramid as the basic
ecosystem form. It presents ecosystems as composed of a large
number of small and a smaller number of large organisms
(Hutchinson 1959, Cousins 1985). To use the terminology of Chew
(1974), this model is “producer-regulated”, since the consumers
seem to exist by courtesy of the basic systems of plants and
microorganisms.
While there is no doubt about the validity of this general
model, or the usefulness of its terms in theoretical work,
recent evidence indicates a totally different regulation system,
inside this general core, which could be called “consumer
regulated”. In the consumer-regulated system the action of
consumers affects resoliroes, i.e. the direction of the control
is reversed. In these systems the most important features are
not the resources available for the producers or consumers, but
selective predation by consumers, which affects the
distribution, abundance and behaviour of the producers, or prey
species, and in the long run their evolution. This control lias
been documented in aquatic ecosystems, from the top predators to
the lowest trophic levels, and even to the inorganio nutrionts
on which primary produotion is based (Andersson et al. 1978,
Henriksson et al. 1980, Langeland & Larsson 1980, Reinertsen &
Olsen 1984, Spencer & King 1984, Wright & Shapiro 1984 and
references in these). The zooplankton grazing selectively on
phytoplankton has an effect on its species composition, biomass
and production (Gliwicz 1975, Porter 1977), and ivertebrate
predators may exert significant pressure on the zooplankton
Peacock 1982, Fulton 1982, Davids et al. 1981, Schwarz & Hebert
1982, Schwarz et al. 1983). Especially efficient controllers of
plankton populations appear to be planktivorous fish. The
8control may be exerted directly, by removal of the large prey
items, or indirectly via behavioural and/or demographic effects
on the prey (for reviews see O’Brien 1979, Langeland & Larsson
1980, Zaret 1980, Pourriot 1983). Man could also be included
among the predatory controllers, sinee extensive fislieries are
known to regulate the fisli stocks.
In this thesis 1 study 1) one aspect of zooplankton
adaptation to selective predation: vertical migration and 2)
prey selection by planktivores, and, 3) the connections between
selective planktivory and life-cycle theories.
9The thesis is based on the following publications (referred to
with Roman numerals).
1) Vuorinen, 1. 1982: The effect of temperature on the rates of
development of Eurytemora hirundoides fNordqvist) in laboratory
culture. - Ann. Zool. Fennici 19:129-134.
II) Vuorinen, 1., Rajasilta, M. & Salo, 3. 1983: Selective
predation and habitat shift in a copepod species - support for
the predation hypothesis - Oecologia (Berlin) 59 62-64
III) Rajasilta M & Vuorinen, 1 1983 Ä field study of prey
selection in planktivorous fish larvae - Oecologia (Berlin)
59 65—68
IV) Vuorinen, 1 1986 Vertical migration by Eurytemora
(Crustacea, Copepoda) a compromise between the risks of
predation and decreased fecundity. manuscript
V) Hangelin, C. & Vuorinen, 1. 1986: Food selection in
juvenile three-spined sticklebacks studied in relation to size,
abundance and biomass of prey manuscript
VI) Ketola, M & Vuorinen, 1 1986 Demographic response of
Daphnla pulex Leydig and D magna Strauss to Chaol3orus
predation or why Chaoborus appears to limit its predation
success. manuscript
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DIURNAL VERTICAL MIGRATI0N
- ADVANTAGES AND DISADVANTAGES
The alternative hypotheses
Diurnal vertical migration is widespread among planktonic
organisms. Light is generally accepted as a proximate factor
(Bainbridge 1961, McLaren 1963, 1974, Hutchinson 1967,
Vinogradov 1970, Ringelberg 1980, Wetzel 1983, Raymont 1983,
Davis 1984, Valiela 1984), but tliere are many alternative and/or
complementary hypotheses regarding the adaptive value of
migration, or the ultimate faotor (Table 1).
It is typical of these hypotheses that they usually offer a
single reason for the maintenance of a single type of migration
in a single species.
Table 1 contains only those hypotheses which refer to an
advantage obtained by migration. Their generality can be
evaluated from the extent to which they explain the different
types of migration. Hutchinson (1967) gives three basic types of
migration: 1) Nocturnal, in which plankters have a single
abundance mazimum at the surface at night, 2) Twilight, in which
there are two maxima, one at sunset and one at dawn, and 3)
Reversed migration, in which the maximum occurs in deeper waters
at night. In addition, there are records of combinations and
variations of these basic types. In max-jne environments, for
example, some migrating groups, never come near the surface, but
migrate in relatively deep water (see Raymont 1983). There are
also records of migration in extremely shallow waters (Bass &
Sweet 1984, Ranta & Nuutinen 1985). Migration is found in widely
different phyla: protozoans, cnidarians, mollusks, arthropods
and chordates (Raymont 1983). Furthermore, reviews of this
phenomenon should also include the migration performed by
benthic or demersal species, which shows the same proximate
dependence on light as the migration of pelagia species;
(Woodmansee & Grantham 1961, Arndt et al. 1982, Ohlhorst 1982,
Älldredge & King 1985, Fancett & Kimmerer 1985), though this
type of migration is seidom taken into account. 1 shall restrict
this evaluation to daily vertical migration, although
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migration also occurs on both seasonal and ontogenetic bases
(see e.g. Davis 1984 for examples from copepods).
Äocording to hypothesis 1, migration allows an animal to
exploit a larger body of water than would be possible if it
remained at the surface or at great depths. This is a very
general exp1anation, which does not deal witli the characteristic
s of the environment that are important for a plankter or throw
light on the peculiarities of vertical migration, such as the
dependenee on light and vertical direction. Since it merely
states that the ability to move is advantageous, the hypothesis
could as well be used as an explanation of horizontal migration.
Hypothesis 2, the predation hypothesis, seems to be the
oldest of the plausible hypotheses. MeLaren (1963) criticizes
its generality on the ground that: “...most migrators do not
migrate sufficiently deep, as compared to the depth where visual
predation is possible, and on the other hand, that certain
migrants seem to go far beyond what must be effective total
darkness for seeing prey”. Furthermore, many migrants are
luminous, and as Hardy (1953) asked: “What could be the
proteotive effect of rising to the surface at night if the
animais are lit up like a Christmas tree? A comprehensive list
of obJections to the predation hypothesis can be found in
Vinogradov (1970).
Hypothesis 3, the solar radiation hypothesis, is not
acceptable as a general hypothesis, since the harmful effects of
radiation are limited to a relatively shallow surface zone and
migration is also found at great depths; for example, some
shrimp species migrate daily from 1400 metres depth to 800 m
fRaymont 1983). Furthermore, the young stages of copepods are
usually non-migrant and live near the surface (Davis 1984),
where the harmful effects of the radiation should be greatest.
According to hypothesis 4, migrators esoape from the toxic
products of plants. This does not serve asa general
explanation, since plants only exoeptiönally exert a toxic
effect, whereas migration seems to be the rule among planktonic
animals.
Äccording to hypothesis 5, migration is part of the search
for optimal feeding grounds. Migrators should be able to find
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more areas rich in phytopiankton by using horizontal currents
runnig in different depths. McLaren (1963) makes several
criticisms of the hypothesis: e.g. there is no unequivocai
evidence that vertical migration is most pronounced when food is
iocaiiy scarce or that it ceases when food is abundant.” and
“...verticai rnigration seems to be a remarkabiy reguiar and
widespread phenomenon to have arisen under what must be
spatialiy and temporaily a most irreguiar and elusive seiective
demand”.
Hypothesis 6, increased genetic exchange seems
unsatisfactory as an explanation of migration, since as McLaren
(1963) points out, migration is common among cladocerans, whicli
do not reproduce sexually and consequentiy do not exchange
genetic material in the usual environmental conditions.
Hypothesis 7 invoives sociai iimitation of the growth of the
zooplankton population to prevent overgrazing of the
phytoplankton. There is no evidenee to support this hypothesis
(McLaren 1963, Hutchinson 1967) and, in addition, the hypothesis
impiies group seiection, which is not usually regarded as a
piausible basis for ecological theorizing. In my opinion, the
prevention of overgrazing does not require migration at ali,
since it could be achieved nierely by a pause in the feeding. The
same criticism can be made of hypotheses 9, 10 and 12, whicli ali
imply group selection and do not explain why plankters migrate
instead of merely interrupting their feeding.
Äccording to hypothesis 8, metaboiic efficiency is increased
by the greater pressure in deeper water. However, the hypothesis
that a general advantage is conferred by ali types of downward
migration does not expiain the existence of different rhythms
and migration types.
The idea behind hypothesis ii is competition for food.
Hutchinson (1967) did not present the hypothesis as a general
expianation, but as one component in a set of paraliel
hypotheses. This hypothesis seems highly attractive, since it
can explain the existence of different types of migration, and
even their simuitaneous occurrence. Unfortunately, 1 have not
found any empirical tests of this idea.
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The hypothesis cited most frequently in recent years is the
metabolic-advantage hypothesis of McLaren (1963). 1 did not
include it in Table 1, since in a later paper MoLaren (1974)
shows that the demographic basis of the model was misleading,
and abandons the hypothesis, proposing a new one to replaöe it:
the demographic-advantage hypothesis (number 13 in Table 1). The
demographic-advantage hypothesis is based on the fact that
growth is slowed down in lower temperatures and the final size
increased, which enhances fecundity. The fact that residence in
deep waters is not sufficient per se to inorease the pöpulation
growth rate, due to the adverse effect of low temperatures on
the egg developrnent times, was noted by McLaren (1974) and he
overcame this difficulty by assuming that egg-bearing females
and young stages stay at the surface. Several studies have shown
that McLaren’s basic ideas were correct, i.e the increase in
fecundity due to slower growth in lower temperatures is not
sfficient to explain migration without further assumptions. The
effects of varying and constant temperatures on the size of a
marine copepod fLock & McLaren 1970) suggest that vertical
migration in thermally stratified waters will not increase the
length of the species, and alternation of temperatures shortened
the expected adult longevity of cyclopoid females (Smyly 1980).
The rates of increase in fluctuating temperatures were always
lower than those at the highest constant temperature in life
table experiments with a cladoceran (Orcutt & Porter 1983), and
two species of cladocerans were shown to grow botter and
reproduoe more under “non-migrating” conditions (constant high
temperature and high concentration of food) fStich & Lampert
1984).
According to hypothesis 14, intermittent feeding may provide
a grazer with more net energy for growth and reproduction than
continuous feeding, provided that the non-feeding period is
spent in cooler, deeper water. Phytoplankton productivity is
greatest during the non-feeding period (day) and phytoplankton
density is thus greatest just before sunset, which would be the
optimal time for upward migration and the beginning of grazing.
The idea that more energy could be directed to growth and
reproduotion by spending some time in cooler water is a
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restatement of McLaren’s (1963) liypothesis and is thus open to
the same objections (see above). In my opinion, the guantitative
changes in phytoplankton during a 24-hour cycle oannot ezplain
migration at ali.
Most of the reviews which evaluate the adaptiveness of
migration attribute the phenomenon to a set of faotors acting
simuitaneously. Bainbridge (1961) considers that migration is
essentially a feeding response and that the return to deeper
layers may be an esoape from the harmfui effects of suniight and
the toxio products of piants or from attack by predators better
abie to detect their prey in the iight. It may also allow an
animal to expioit a larger body of water than would be possibie
if it remained at the surface or at great depths and it
subserves the performance of pianktonic navigation. Hutchinson
(1967) oonsiders that verticai migration is initiaiiy ari
expression of photic sensitivity, which has acquired further
significance in protective nocturalism, niche diversification
and the mechanism examined by McLaren (1963). Vinogradov (1970)
lists the following bioiogical advantages of vertical migration:
protection from visuai planktophages, preservation and widening
of the range, avoidance of the depressive effect of iight,
esoape from the adverse conditions prevailing in the surface
water, exchange of genetic materiai and energetio advantage.
Wetzel (1983) is of the opinion that a number of factors
probabiy interact, pointing out that predation is a visual
process and requires light, that the nutritive quaiity of algae
varies diurnaily and that growth efficiency is greater at iow
temperatures. Raymont (1983) suggest that by drifting
fortuitously with water moving at different speeds the
zoopiankton is able to sample a much wider area of the ocean and
prey species spend the day in deeper water to avoid predators;
in addition, verticai is influenced by the degree of
pigmentation. Furthermore, he mentions, with some criticism, the
modeis of Enright (1977) and McLaren (1963). Aocording to
Valieia (1984), the advantages of migration inciude avoidance
of competition and predation, horizontal transport and energetio
benefits.
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In conclusion, it seems unlikely that a single factor can
be found to explain, a phenomenon occurring with so many
variations in different phyla and environments. 1 suggest that a
more promising approach would be to study the consequences of
different types of migration, i.e. to evaluate mortalities,
growth efficiencies, productivity and the demographic
consequences in different situations found in nature, and by
this means to try to understand several factors acting in
parallel.
The demographic-advantage vs. the predation hypothesis
(1, II, IV)
In papers 1, II and IV 1 used laboratory cultivation
experiments, field sampling and demographic data to compare the
two most often cited hypotheses on the adaptive value of
vertical migration: the demographic-advantage and the predation
hypotheses.
McLaren (1963, 1974) claims tliat migrating zooplankton seeks
low temperatures in the depths on account of metaboiic or
demographic advantages. The metabolic advantage hypothesis
(McLaren 1963) was later abandoned (McLaren 1974), since the
demographic basis of the model was misleading, and the
demographic-advantage hypothesis was presented to repiaoe it
(McLaren 1974). (Unfortunately the former hypothesis is stili
often referred to and as Mills (1981) has observed “is stiil
generating more discussion and rhetoric than the one which was
intended to replace it”.) The demographic-advantage hypothesis
assumes that growtli is retarded in lower temperatures, which
results in greater final size and enhances fecundity.
The basic concepts in the model of McLaren (1974) are the
embryonic and post—embryonic development times and generation
length. By means of these he constructs a demographic example,
using partly laboratory-measured values for the development
times in lis calculations. These show that migration does
enhance the fecundity of a copepod, Pseudocalanus sp. The basic
determinants of development times in planktonic populations are
temperature and nutrition (Bottrell et al. 1976), temperature
16
being most important in the embryonic stage and nutrition
becoming increasingly important later. In paper 1, 1 studied the
effect of different temperatures on the development rates and
generation times of Eurytemora affln±s hirundoides (earlier
erroneously referred to as E. hirundoides) in the laboratory
under a natural temperature regime. Äs expected, the development
and generation times were inverse funotions of temperature, and
regression equations describing the development times were
presented. In a field study (paper II), 1 compared the
distribution of ovigerous and non-ovigerous Eurytemora females.
Ovigerous Eurytemora females were shown to be concentrated in
depths below 20 m in daytime, while non-ovigerous females were
also commonly found in the surface. Äcoording to the combined
results of papers 1 and II, the development times of the eggs
were possiöly three times as long in the population observed in
the field as they would be in a population residing only in the
surface layer. Äs a basic assumption of McLaren (1974) was that
ovigerous females do not migrate, but stay in the warmer surface
layer, my results showed that Eurytemora was behaving
suboptimally with regard to the development of the eggs. In
paper II, which compared the daytime distribution of ovigerous
and non-ovigerous Eurytemora females, an explanation for the
deviating distributions was sought in the predation hypotliesis,
according to which migration is advantageous because plankters
avoid visual predation by planktivores during migration.
Selective feeding experiments performed in the laboratory showed
that juvenile three-spined sticklebaoks preferred ovigerous
females, indicating that by residing in the deep water the
ovigerous females escape visual predators. In paper IV, the
diurnal vertical migration of Eurytemora was shown to be the
mechanism by which ovigerous females concentrated in deep water
during the day. A demographic study combined with a field study
showed that the daily vertical migration of Eurytemora keeps its
reproduction below the maximal potential rate. By coming to the
surface layer during the night, the copepods may compensate to
some extent for the obvious disadvantage of dwelling in the
oooler deep water.
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In conclusion, papers 1, II, and IV show that the
demographic advantage obtained by daily vertical migration is
derived from the warmer surface temperature, and not from the
cooler water at greater depths as hypothesized by McLaren
(1974). Äs the ovigerous females of Eurytemora are the targets
of selective planktivory, tliey acquire some advantage by coming
to the surface only during the night, when predation is less
effective.
The relative importance of the hypotheses
1 suggest that vertiaal migration has several adaptive
consequences, which may vary within species, between species, in
different environmental conditions, eta, and may bo
aounteractive or concurrent (1, II, IV). There are probably a
number parameters which have not been studied suficiently, such
as the effects of varying pressure and salinity on metabolism
and buoyancy. Considering the many types of migration in
different phyla and habitats, 1 would not suggest a parsimonious
approach in seeking the adaptive value of vertical migration.
The variation in the types of migration suggests some form of
biological control conneoted with physico-chemical environmental
parameters. The predation hypothesis and niche diversification
are the only hypotheses which can explain the great variety of
migration types, and predation is the only hypothesis providing
a plausible oonnection between the phenomenon and its generally
accepted proximate cause, light. Therefore, 1 suggest that the
predation hypothesis must be regarded as the most important and
that the benefits claimed for migration by the other hypotheses
should be seen as supporting or increasing the advantage of
avoiding visual predation.
18
SELECTION OF PREY BY PLANKTIVOR0US FISH
The empirical background
The finding by Hrbacek (1962) and Brooks & Dodson (1965) that
the fraction of large-bodied zooplankton found in fish stomachs
is greater than could be expected from the size distribution of
the plankton has gained general acceptance (Galbraith 1967,
Wells 1970, Hutchinson 1971, Anderson 1972, Stenson 1972,
Warshaw 1972, Northcote & Clarotto 1975, Green 1976, Stenson
1976, Langeland 1978, Northcote et al. 1978, Kitchell & Kiteheil
1980, Gophen 1g85, Keast 1985, reviews by O’Brien 1979 and Zaret
1980). Controversy still continues, however, regarding the cues
which fish use in making their selection, and regarding the
mechanism underlying the size-dependent exploitation of
zooplankton. The importance of the prey size as a cue was noted
early; Brooks & Dodson (1965) suggested that selection is based
on prey size, abundance and edibility and the ease with which it
is captured. They wrote (1965): “For planktivores the least
outlay of energy in relation to the reward is required if a
smaller number of large prey, rather than a large number of
small ones, are taken. When the environment provides a ohoice,
therefore, natural selection will tend to favour the predator
that most consistently chooses the largest food morsel
available.”
The modelling
At present there are three rival or alternative modeis: 1) the
optimal foraging model (basically that of Werner & Hall 1974)
and 2) the apparent-size model (0’Brien et al. 1976), which both
use the prey size as a basic parameter and are largely supported
by laboratory studies and 3) the greatest-stimulus model, which
is based on empirical field studies (Wetterer & Bishop 1985).
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According to the optimal-foraging theory, the diet chosen
maximizes the energy gained per unit time spent foraging
(reviews by Sohoener 1971, Pyke et al. 1977, Krebs 1978, Pyke
1984). Probably the most cited, and also the oldest, optimal
foraging model for fish is that of Werner & Hail (1974). The
idea behind the model is a simple one: when prey is available in
different sizes and abundances, the fish choose the diet which
maximizes the energy gain. Ä basic feature of the model is the
reactive distanee: the distanee at which the predator reacts to
the presenoe of the prey. This was measured in the laboratory
for each size class of prey and, naturally, increased with the
prey size. The model was not constructed to explain the
empiricai observation that planktifores select large-sized proy.
It was only intended to determine the optimal breadth of diet
(in terms of prey size) in one situation. It follows from the
model, though, that when prey density is high, selection of
large prey is economical, and when prey density is low, the fish
should take any prey encöuntered, without selection. This mödel
was the basis for much of the later work supporting the original
ideas öf Werner & Hali (1974). (Confer & Blades 1975, Eggers
1977, Mittelbach 1981, 1983, Barteil 1982, Unger & Lewis 1983.
Li et al. 1985).
In developing the apparent-size model for prey selection,
O’Brien et al. (1976) tried to explain the mechanism by which
fish select their prey rather than to offer an aIternative to
the optimal föraging model. They hypothesized that fish select
the prey whioh appears to be the largest at the instant when
they initiate their searoh for food, due either to its absolute
size or to its proximity to the fish. The apparent size of each
prey is the aro tangent of the height of a prey item divided by
its distance främ the fish. O’Brien et al. (1976) compared their
results with experimöntal däta of Werner & Hali (1974) and found
good agreement. The two modeis have proved to yield somewhat
different predictions, as the apparent-size model predicts no
change in seleotivity with ohanges in the visual resolution of
the predator (Li et al. 1985). They have often been compared
fGibson 1980, Gardner 1982, O’Brien et ei. 1985, Butier & Bence
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1984, Li et al. 1985, Wetterer & Bishop 1985), but neither lias
been shown to be totaily wrong.
Äccording to the greatest stimulus model (Watterer & Bishop
1985), fish aiways pursue the prey which affords the greatest
visual stimulus. The model comes close to the visibility
hypothesis of Zaret (1972, reviewed 1980), according to which
fisli ohoose prey individuals having the largest area of
pigmentation or chitinous body carapace. The liypothesis is
supported by the findings of Meiiors (1975), Zaret & Kerfoot
(1975), Tucker & Woolpy (1984) and Hessen (1985). However, as
demonstrated by Kislalioglu & Gibson (1976) and Stenson (1980),
prey motility is a more important component of the stimulus than
prey colour. Consequently, the greatest stimulus model seems to
be more comprehensive tlian the visibility hypothesis.
Testing of modeis (III, V).
Prey selection was studied in papers III and V, using basically
the same metliod: simultaneous sampling of predators and prey
followed by an analysis of the stomach contents of the predator
and comparison of the fractions of different prey species in the
stomach with the fractions in the plankton. The nuil hypothesis
was that there was no difference between the two sets of data.
Paper III studied the characters of planktivory, examining
various aspects, such as the effect of prey-specific
characteristics (e.g. size) and population-level features (e.g.
abundance). The aim was to show that a single prey
cliaracteristic, for example size or pigmentation, is not
sufficient to expiain prey selection in field conditions.
Differences in prey seiection were expected, as predicted by
the optimal foraging theory, i.e. more intensive predation of
larger prey items in the more productive part of the study area.
The size ciasses of the prey found in the stomaolis of various
species of juvenile littoral fish were piotted against their
abundance peraentages in the stomachs. In the more productive
area, ali the fish liad fed almost exclusively on the largest
prey items in the plankton. The correlation between the size of
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the prey and its frequency in the stomachs was highly
significant. In a less produotive study area, no correlation was
found, which indicated that the fish had taken ali the size
classes equally. In addition, differences were found between the
selection of two copepods of almost egual size, Acartla and
Eurytemora (see also paper V). Eurytemora was strongiy selected
for food in the more productive area, but in the other area both
copepods were selected. In addition, cladocerans were seiected
differently, in the more productive area no ciadocerans were
preferred, but in the other area both dominant ciadoceran
species were selected. Contrary to expections, based maini.y on
laboratory studies, the results showed that different species
may be seiected in different environments In one situation the
species preferred may be common microcrustaceans, while in
another only one copepod species is cliosen.
In paper v, food seleotion was studied in juvenile three
spined sticklebacks. The studies with juvenile fish have largely
yielded resuits disagreeing with the size-selection principles.
Prey characteristics were sought whioh oould explain this iack
of agreement. Prey size was not suffioient to explain selection
at the species level, but the fish did prefer microcrustaceans
to the smaller rot;fers Älthough species size dad not explain
exploitation patterns within these groups, significant
correlations oocurred between prey abundance in the fish
stomachs and its biomass in the water. Prey species biomass in
the stomachs also correlated significantly with the biomass in
the water. Other features of the prey examined were size and
abundance in the water. The results suggest that prey biomass
in the water, a product of size and abundance, predicts ite
occurrence in the diet. Thus a small but very abundant prey item
may be more important in the diet of a planktivore than a large
but less numerous one. The eariier findings that prey selection
principles may differ between juvenile fish and adults were
confirmed. Ädults are more experienced and powerful swimmers,
which may enable them to capture any plankter they encounter,
whereas juveniles are more likely to fail in hunting agile aduit
microcrustaceans.
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Both the optimal-foraging and the apparent-size modeis are
based on the use of prey size, they often yield similar results,
which makes it hard to discriminate between them. The evidence
supporting the apparent size model seems to resuit from the way
in which the apparent size is measured; being determined from
the size of the prey and its distance from the fish, it is
basicaliy a reasonable measure of the profitability of a prey
item and is clearly related to the reaction distance concept
used in optimai-foraging modeis.
Concerning the third alternative, the greatest visual
stimulus, it is difficuit to separate the effect of e.g. prey
pigmentation from the effect of prey size in visual stimulus. It
is rather unfruitfui to try to list ali the aspeots of total
visibiiity (or in other words the components of the greatest
visuai stimulus), since aimost everything in the behaviour and
morphoiogy of the prey may contribute to visibility. Tlius, the
greatest visual stimulus model, which according to a iarge body
of evidence may be the most realistic, may invoive too many
hard-to-measure parameters to be successful in practice.
In conclusion, the limitation of the basic model parameters
to prey size and abundance is, of course, a simplification. In
nature the prey animals differ not oniy in size and abundance,
but aiso in their movements, visibility, aggregation and abiiity
to escape. Stiil, in several tests the size of a zooplanicter has
proved to be a good index of its commonness in the diet of
pianktivores and a good fit has been gained between the optimal
foraging modeis and empirical data. The crucial guestion is: how
good a “rule of thumb” is prey size in pianktivory? Ä central
ooncept of the optimal-foraging modeis is the reaction distance.
When measured in iaboratory conditions this distance has mostiy
been designed to depend on the prey size. In natural multi
species situations, other features of the prey increase in
importance, in accordance with the greatest visuai stimulus
model.
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SELECTIVE PLÄNKTIVORY AND LIFE-CYCLE PARAMETERS ( II, IV, VI)
The selective predation moulding the life-cycle parameters of
zooplankton consists of two counteractive types. Vertebrate
predators choose the largest (but see above) prey individuals
visually, while invertebrate predators select the smaller prey,
and are largely tactile predators (reviews by Greene 1983,
Pourriot 1983, Zaret 1975). In nature these two types rarely
meet, since invertebrate predators, being relatively large, are
the preferred food of vertebrates and therefore usually scarce
when vertebrate predators abound. In life—cycle theorizing an
increase in size ja usually presented as being adaptive, since
large K-strategist species withstand predation well (Stearns
1976). This is not applicable to planktivory by vertebrates,
since they select the larger plankters for food, but it seems to
be true in invertebrate planktivory. The vertebrate planktivores
shift the size distribution of zooplankton towards smaller
species, which are characterized by r-strategy (Allan 1976,
Sarvala et al. 1984), whereas the opposite is true in the case
of invertebrate planktivores (Lynch 1980). In additionto body
size, predation modifies other important aspects of the life
cycle strategies of the prey (VI). Furthermore, the important
life-cycle parameters are closely interconnected with the
behaviour and morphology of both the prey and the predator (II,
IV, III). However, both behavioural and morphological
adaptations and otlier life-cycle parameters than size have
largely been neglected in recent reviews of the life-cycle
strategies developed by zooplankton against predation (Lynch
1980, Dorazio & Lehnian 1983).
The connection between selective predation and life—cycle
parameters has been demonstrated in terms of the reproductive
costs of a copepod, Euryternora affinis (II, IV), and in the
central life-history parameters of two cladoceran species:
Daphnla pulex and D. magna (VI). The optimization of the
reproductive effort involves a trade-off between the present and
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future costs of reproduction (Williams 1966). Reproduction
may indirectly reduce survival if the reproducing
individuals are more vulnerable to predation (Tuomi et al.
1983). Älthough the direct oosts of reproduction have not been
successfully demonstrated in many oases (short reviews by
Partridge & Harvey 1985, Reznik 1985), there is a fair number of
studies showing the vuinerability of reproducing female
plankters to predation (Sandström 1980, II, Winfield & Townsend
1983, Koufopanou & Bell 1984, Tucker & Woolpy 1984). When the
vuinerability was tested (II) by offering both non-reproductive
and egg-bearing copepod females to juvenile sticklebacks in
laboratory feeding trials, the results consistently showed that
the ovigerous females were eaten first. Thus, the decrease in
survival is evidently a part of the indirect oosts of
reproduction. A demographic study of the same copepod f IV) shows
another even more indirect cost of reproduction: a decrease in
feoundity due to the slow growth rate of eggs in the suboptimal
temperatures experienced by migrating ovigerous females.
The indirect costs of reproduction were also studied in
Daphnla pulex, a cladoceran which responds to predation by a
phantom midge larva by growing defensive spines (Krueger &
Dodson 1981). The spine production is induced by a chemical
agent released by the inseot larva when eating daphnids and is
oonnected with a deorease in fecundity (VI and references
therein). In laboratory aultures, contamination of the water by
the midge larvae caused a decrease in the size of the first and
second clutch of the spined form of 22. pulex. Production of the
first clutch was also delayed and survival decreased
drastically in the spined form. 1 agree with Reznik (1985) that
the costs of reproduction are only incompletely assessed if the
costs associated with the environment, such as predation,
disease and competition are excluded. Furthermore, 1 suggest
that the more indirect oosts which are due to adaptation to
these primary biological regulators should also be taken into
account. Examples of the latter kind of costs are the adverse
effects of vertical migration on the life-cycle parameters of
Eurtemora and the costs of defense in 22. pu1ex.
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Ä puzzling aspect of the phenomenon of induced defense is
the persistence in the predator population of a feature which
apparenti.y deoreases predation success. Comparison of cultures
of D pulex in pure lake water with cultures in contaminated
water showed that the individuals grew more slowly in the
infected water The persistenee of the spine-inducing chemical
agent in Chaoborus can be understood of it inhibits the growth
of the prey, thus keeping it small and vulnerable to predation
for a longer time, than normal. The results suggest that
comparable- effects may be associated with predator-induced
defensive responses in other cases also, (Gilbert 1966, 1967,
Grant & Bayly 1981 Yoshioka 1982, Gilbert & Stemberger 1984,
Harwell 1984, Hebert & Grewe 1985) and that the relations
between selective planktivory and life—cycle parameters should
be studied from the point of view of both the prey and the
predator.
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Talile 1. Hypothetical adaptive value of vertical migration of
zooplankton.
1) Ällows an animal to exploit a larger body of water
(Weissmann 1874 according to Bainbridge 1961).
2) Esoape from attack by predators better able to detect their
prey in the light (Morgan 1903 according to Bainbridge
1961, Burckhardt 1910).
3) Reduotion of physiological damage from solar radiation
(Huntsman 1924).
4) Escape from the toxic products of plants fHardy & Gunther
1935).
5) Part of the search by grazers for optimal feeding grounds
(Hardy 1956).
6) Increase of genetic exchange (David 1961).
7) Ällows regulation of the zooplankton population and thus
prevents overgrazing (Wynne-Edwards 1962).
8) Enhances metabolic efficiency due to increasing pressure
(Napora 1964 according to Hutchinson 1967).
9) Allows optimal phytoplankton harvesting (Conover 1968).
10) Improves use of the growth potential of the phytoplankton
by permitting unimpeded photosynthesis during daylight
hours, with rapid removal of algae for food before their
nocturnal respiration is lost to the ecosystem (McAllister
1969).
11) (Ädditional) advantage of niehe diversification (Hutchinson
1967).
12) Ensures sustained equilibrium production of zooplankters’
food supply (Kerfoot 1970).
13) Demographic advantage offered by cold subsurface
temperature (McLaren 1974).
14) Nocturnal grazing may provide a greater net energy gain for
growth and reproduction than continuous feeding (Enright
1977).
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VARIATION IX PHYTOPLANKTON AND HYDROGRAPHY IN THE OUTER
ÄRCHI?ELAGO AT THE ENTRANCE TO THE GULF OF FINLAND IN
1968
— 1975
Kaisa Kononen Äke Niemi
Finnish Institute of Hanne Research University of Helsinki
P.O. Box 33 Tvärminne Zoological Station
SF-00931 Helsinki. Finland SF—10900 Hanko, Finland
ABSTRACT
Phytoplankton sampled in 1968-70 and 1973-75 at Tvnminne
Storfjärd in the outer arehipelago at the entrance to
the Gulf of Finland was studied against the hydrographic
changes. ?hytoplankton parameters changed according to
the charactenistics of the water masses present in the
study area. Most of the species showed great year—to—year
fluctuations which could not be connected to changes in
salinity and nutrients in the environment. The increased
abundance of Chaetoceros danicus Cleve ja an example of
a marine species favoured by the increase of salinity.
The main ehanges found in phytoplankton species composition
were consistent with thosereported at the open sea station
Ajax.
Keywords: phytoplankton, Gulf of Finland, year-to-year
fluctuation
1. INTRODUCTION
Since 1969, hydrographic changes in the Baltic Proper have
caused an increase in salinity and nutrient levels (Perttilä et
al. 1980, Nehring 1981). Corresponding changes have been
observed at Tvärminne Storfjärd (Fig. 1, Niemi 1975, Hällfors et
al. 1983), which is in the outer archipelago zone (sensu Häyren
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Fig. 1.
The sampling station Tvärminne
Storfj&rd and the open sea
station Äjax.
1931) of the Gulf of Finland directly connected to the open sea.
The study period 1968-1975 was charaterized by increasing
salinity in the Baltic Proper (Fig. 2). However, no clear
increase in phosphorus was observed during this period.
Some clianges in the phytoplankton Gomposition and biomass
were observed during the seventies at the entrance to the Gulf
of Finland (Station Ajax, Fig. 1) (Kononen and Niemi 1984). The
phytoplankton material sampled at Tvärminne Storfjärd during
1968-1975 was analyzed in order determine whether any changes
occurred in the phytoplankton of the outer archipelago during
tliat period. Comparison was also made with the phytoplankton
sampled at the same time in the sea zone (St. Ajax).
2. STUDY AREA AND THE WATER MASSES
A 50
- 60 m deep trench extends to the NNE from the open sea,
where St. Ajax (82 m) is located, to Tvärminne Storfjärd
decreasing in depth to 35 m (Fig. 1). Near the bottom the
currents chiefly move backwards and forwards in the direction of
the furrow. The surface currents are more variable (Laakkonen et
al. 1981). Meteorological factors are of prime importance for
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Fig. 2.
Salinity, total phosporus and
nitrogen in the surface layer at
the entrance to the Gulf of Finland
in 1968—81 (Institute of Marine
Research, Helsinki).
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the hydrography ofTvärminne Storfjärd, regulating the movement
of different water masses with diverging chemical and bioIögical
properties.
The water at Tvärminne Storfjärd is usually stratified into
three layers (Fig. 3). In the winter, an outflowing low-saline
0.5 — 3 0/00) surface layer rich in nutrients derived from the
inner archipelago lies upon the Baltio surface water
(6 — 6.5 0/00) Near the bottom there can be an even more salme
(> 7 0/00) layer originating from layers near the permanent
halocline in the open Baltic Sea (Niemi 1973, 1975, Hällfors et
al. 1983:3).
After the break-up of the ice and cessation of the outflow öf
meit water, the. Iow-saline surface outflow rich in nutrients
from the inner archipelago seldom reaches Tvärminne Storfjärd.
Only a marked fali in sea level causes an outflowof this water
from the inners archipeiago. Southerly winds, which usually
dominate during the growing period, cause an inflow of Baltic
surface water poor in nutrients from the open sea. Strong W—N
winds drive the surface water out from Tvärminne Storfjärd,
causing an upwelling of salme water (Hela 1976, Hällfors et al.
1983).
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it Schematic presentation of typi
cal stratification in late
winter-early spring (March) and
in the summer (July) at Tvrminne
Storfjärd with the hydrographical
characteristics of different
water masses (according to Niemi
1973, 1975, and Häilfors et al.
1983). 1: Surface layer of low
salinity formed by outflow from
the inner archipelago. 2: Baltic
surface water. 3: Water originat
ing from layers hear the perma—
nent halocline.
The changing hydrographic conditions in Tvärminne Storfjärd
have a profound effect on phytoplankton composition and
production, thus making the dynamics of the pelagial
complicated.
3. MATERIAL
The phytoplankton material consisted of 87 quantitative
observations for the periods 1968 - June 1970 and 1972-75. Each
sample represented the mean of the trophogenic layer, i.e.
0-10 m. The data have earlier been published by Niemi (1973,
1975), Niemi and Ray (1975, 1977) and Forsskåhl (1980).The
results are not comparable owing to the different methods used
in the biomass calculations. The biomass data were therefore
recalculated using standardized methods recommended by the
Baltic Marine Biologists (Edier 1979). The nomenclature is
according to Edier et al. (1984).
July
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4. LONG-TERI.1 CHANGES IN PHYTOPLANKTON BIOMASS, DOMINANT GROUPS
AND ESSENTIAL SPECIES AT TVÄRMINNE $TORF.JÄRD
There was no appreciable change in the level of biomass during
the vernal stage (Fig. 4.) from 1968 to 1975. The level at Ajax
was higher in 1974 and 1975.
Considerable fluctuations occurred in the biomass level
during the summers. The year-to-year variations were also great.
:
.
No increase could be observed in total biomass or change in
dominance between phytoplankton groups. The same is valid for
the level of chlorophyll a and primary production at Ajax
(Lassig et al. 1984).
At both the stations the seasonal and year-to-year
fluctuations in diatoms and blue-green algae were marked. The
dinofiagellates did not play such a dominant role at Tvärminne
Storfjärd as in the sea zone. Species identified at Tvärminne
Storfjärd are listed in Table 1. The total number of species was
greater at Tvärminne Storfjärd than at Äjax. The difference as
regards diatoms and green algae was noticeable.
The seasonal occurrence of the most important species is
presented in Figs. 5-6. The arctic marine diatoms Meloslra
arctica, Nitzschia cylindrus and N. frigida during the vernal
mgC&
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Cyanophyceae ] Baciltariophyceae
3 Dinophyceae .• Oiher groups
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Fig. 4 3
Phytoplankton total biomasa (mg C m ) and proportions (%) of different
groups at Tvärminne Storfjärd and the open sea station Ajax in 1968-1975.
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Fig. 5
3Biornass (mg C m ) of the
Storfjrd in 1968—1975.
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maximum in 1968-70, and the dinofiagellate Dinophysis acwninata
in summer, were markedly more abundant than in the period
1973-75. The dinoflagellate Heterocapsa triquetra and the diatom
Chaetoceros danicus were more important during this period.
Most of the species show marked year-to-year fluctuations which
cannot be connected to ohanges in environmental factors such as
salinity and nutrient leveis. Chaetoceros dan±cus is the only
dominant diatom in summer in the central Baltic Proper. Its
increase in abundance at Tvärminne Storfjärd, as also in the sea
zone at Ajax (Kononen and Niemi 1984), seems to be connected to
the rise in salinity level.
5. FÄCTQRS AFFECTING THE PHYTOPLANKTON COMPOSITION ÄT TVÄRMINNE
STORFJÄRD
Phytoplankton dynamics in Tvärminne Storfjärd are in general
consistent with those in the open sea area. However, they also
show their own characteristic features connected to looal
hydrographic factors.
5.1 “Downwellingt’
The dominant winds along the southern coast of Finland blow from
the SE-SW, and cause an inflow into the archipelago of Baltic
surface water poor in nutrients. The inflow also has a
phytoplankton assemblage characteristio of the open sea. Such
conditions may bring great amounts of blue-green algae
(Nodular±a spumigena, Äphanizornenon flos-aquae, Anabaena
lemmermannhi) into the archipelago in late summer. Ät such times
there is no essential difference in the water chemistry and
phytoplankton composition compared with the open sea (Niemi
1975).
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5.2 Upwelling
Strong, steady W-N winds cause an outflow of surface water that
results in a narked upwelling of cold, salme water, ricli in
nutrients, from greater depths. Such upwelling water,
originating from layers near the permanent halocline6 rnay be
transported along the deep furrow into Tvärminne Storfjärd
(Niemi 1975, Hällfors et al. 1983).
Äithough the hydrographic and chemical changes, are clearly
visible, it is difficult to detect the immediate effects of such
upwelling on phytop1ankton production usually owing to the
insufflcient sarnpling frequency. Changed meteorological
conditions, usually cause a shifting of the water masses, in the
area before the subsequent phytoplankton succession and
production have developed. The salme waters rich in, nutrients
seidom remain at Tvärrninne Storfjärd for long enough tocause a
clearly observable production maximum. However, some
observations have been made on the effects of upwelling.
In July 1968 an upwelling resulted in a production peak
chiefly consisting of the marine dinofiagellate Prorocentrwn
balticum. In 1974 the coldwater diatom Thalasslosira a1tica
becaiue dominant mn summer after an upwelling. Observations of
marine species such as Chaetoceros decipiens associated with an
increase mn salinity, have been made (Niemi 1971). An abundant
occurrrence of Dinophysls norveglca in 1974 seemed to be
connected to successive upwellings the same summer. In summer
1974 and 1975, Heterocapsa tr±quetra was abundant at Tvärminne
Storfjärd. This dinoflageilate has caused marked “red tidä& in
coastal waters off Helsinki (Viljamaa 1981), where upwelled
water from the Gulf of Finland has mixed with water influenced
by surface outflows from the land (Niemi 1982).
Occasional upwellings at Tvärminne Storfjärd as in outer
archipelago areas such as SE of the Cape of Porkkala (Sjöblom
1967), cause spatial and temporal patchiness and make the
reliability of monitoring results of pliytoplankton dynamics
uncertain.
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5.3 The freshwater outflow
Water fro;n the River Mustionjoki reaches Tvärminne Storfjärd via
the Pojo Bay and the inner archipelago zones, especially in
winter. Ät such times the river water forms a 2 to 3 - m - thick
turbid, brown-co1oured surface layer below the ice. Especially
the town of Tammisaari and villages Lappohja cause pollution of
the surface layer. The poor phytoplankton assemölage consists of
winter species characteristic of the Pojo Bay and empty
frustules of freshwater diatoms. However, mass occurrences of
cold water fiagellates have been observed under transparent ice
(Hällfors and Niemi 1974). Äfter the break-up of the ice, the
surface-outflow layer usually mixes with the Baltic surfaoe
water and the vernal bloom of marine species develops. The
freshwater element may occasionally increase in connection with
strong outflows of meit water into Tvärminne Storfjärd. Diatoma
elongatum clearly benefits from the freshwater outflow, being
dominant at Tvärminne Storfjrd during the late stage of the
vernal bloom. This species becomes less abundant towards the
open Baltic (Möider 1962:8, Niemi 1973:44, 1975:58). The effect
of the freshwater outflow into Tvärminne Storfjärd is also
reflected in the frequency of many freshwater algae (Table 1).
This element is seidom observed in the open sea area.
5.4 Influence of the phytal
The list of species (Table 1) shows that the phytoplankton of
Tvärminne Storfjärd includes a markedly larger number of benthic
species than St. Äjax. This pseudoplankton element is formed
chiefly by diatoms such as Rho±cosphenia abbreviata and Synedra
tabulata.
In addition to the surface outflow from the inner
archipelago, strong wave action and currents wash out sessile
diatoms which may occasionally he abundant as pseudoplankton,
indicating strong movements of water.
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5.5 Influence of hydrographic changes in the open Baltic Sea
The hydrographic ehanges that occurred in the northern Baltic
Proper in autumn 1969 were elearly observed as an increased
level of salinity and nutrients in the Baltic surface water at
Tvärminne Storfjrd in late autumn and in winter 1970 (Niemi
1975). Hydrographic changes in the 1970’s were also observable
as increased concentrations of salinity, P04-?, tot-P and N03-N.
However, no consistent inorease either in the amount of
chlorophyll a or in pliytoplankton primary production has been
observed in the outer archipelago or in the sea zone fHällfors
et al. 1983:15, Lassig et al. 1984).
Ät the open sea station Äjax higher biomass peaks in spring
and an inarease in the abundance of some marine species during
the period 1968-1982 were observed (Kononen and Niemi 1984).
Only a small increase in the marine diatom Chaetoceros danlcus
could be detected during the period 1968-75 at Tvärminne
Storfj ärd.
6. CONCLUSIONS
Long-term clianges in the salinity and nutrient level in the open
Baltic Proper during the seventies could not be connected to any
marked increase in the phytoplankton biomass. An inorease in the
abundance of some marine species probably reflected the elevated
salinity level at Äjax (Kononen and Niemi 1984). An inorease in
the abundance of the marine Chaetoceros danicus was only found.
Short-term changes in the hydrographic condtions in the
archipelago are rapidly reflected as a ohange in the proportion
of the marine, freshwater and littoral-benthic element, and as
fluctuation in the level of the phytoplankton biomass,
chlorophyll a and daily primary production (Niemi 1975, Erga &
Heimdal 1983). Thus phytoplankton results from sampling sites
exposed to abrupt and unexpected environmental changes are not
useful for monitoring purposes.
46
The information in these studies presented on phytoplankton
was based on material preserved with formalin and Keefes
solution, which often destroy nanofiagellates (Hällfors et al.
1979). This fragile element may include valuable information
about even small changes in the marine environment. When
assessing the presented results, it should be remembered that
oider phytoplankton materia lacks information about an essential
component of the phytoplankton assemblage that is probably
important in elucidating long-term changes in the phytoplankton
assemblage caused by only slight changes in salinity and
nutrient level.
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Table 1.
List of species identified at Tvärminne Storfjärd (0), at Ajax(-*-) and at both the stations (.) during 1968
- 1970 and 1973
-
1975. Ecological characterization (ecol.) of certain aigaet c =
cold water species (< 10C), w = warm water species (> 10°C), 1
= main occurrence in the littoral, f= freshwater species which
do not tolerate the fuli salinity of the area, e = main
occurrence in eutrophied waters, () means that the symbol is not
very strictly applicable, e.g. (c) = generally but not
exclusively cold-water species (symbols according to Edler et
al. 1984).
Species
CYÄNOPHYCEAE
Year
68 69 70 73 74 75 ecol.
Aphanooapsa elachista
Chroococcus limneticus
C. minutus
Coelosphaerium
kuetzingianum
Gomphosphaeria lacustris
var. lacustris
G. lacustris var. oompacta
G. naegeliana
Gomphosphaeria sp.
Merismopedia glauca
M. punctata
M. warmingiana
Microcystis reinboldii
Microcystis sp.
Achroonema proteiforme
Achroonema sp.
Anabaena baltioa
A. cylindrica
Ä. inaequalis
A. lemmermannii
Äphanizomenon flos-aquae
Ä. gracile
Lyngbya limnetica
Nodularia spumigena
Osciilatoria agardhii
0. limnetica
0. tenuis
Spirulina subsalsa
0 + wf
wf
w
+ wf
O O 0 O 0 W
O 0 0
+ 0 + 0 0
0 • 0
+
0 + . 0
0 . +
0
w
wlf
w
+ 0 W
O (w)
w
0
0
0
0
0
0
0
0
0
0
+
0
0
0
O
0
0
+
we
0
0
0
0
0
O 0
O 0
O 0
+
O 0
0
+
0
0
O 0
+
0
0 +
0
0
0
0
0
0
w
we
w
we
1
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68 69 70 73 74 75 ecol.
CRYPTOPHYCEAE
Cryptomonas spp. . . .
DINOPHYCEAE
Prorocentrum balticum
Dinophysis acuminata . . . (w)
D. norvegica a u (w)
D. rotundata . + m s s W
Amphidinium longum + + + +
Amphidinium sp. + - 0 .
Gymnodinium simplex . + + 0 c
Gyrodinium fissum 0
Gienodinium sp. . . . .
Gonyaulax catenata . s • . a c
G. grindleyi . - ÷ . w
G. triacantha . . 0 . . w
G. verior w
Heterocapsa triquetra 0 + 0 • 0 w
Oblea rotunda . . we
Peridinium balticum +
P. hangoei + we
Protoperidinium bipes . . - . cw
P. brevipes . . - . cw
?.granii . c
P. pellucidum . + + + w
Protoperidinium sp. . - 0
Scrippsiella trochoidea 0 W
Zygabikodinium
lenticulatum + + w
Ebria tripartita - 0 . CW
CHRYSOPHYCEAE
Dinobryon balticum • (c)w
D. petiolatum • 0 - • w
Urogiena americana • • + w
U. volvOx + f
CalycomonaS ovalis - . - w
C. vangoori • • 0 (w)
C.wulffii • . - . w
TRIBOPHYCEAE
Shilleriella anuraea ÷
DIATOMOPHYCEAE
Actinocyclus octonarius a - . • . w
Cliaetoceros ceratosporus . • • 0 0 • c(w)
C. danicus . . - cfw)
C. holsaticuS . - - . 0 • c
C. muelleri 0 we
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68 69 70 73 74 75 ecol.
C. septentrionalis . a
C. simulis 0
C. subtilis
C. wighamii
Chaetoceros sp.
Coscinodiscus granii
Cyclotella sp. 0
Letocylindrus minimus
Melosira arctica
M. lineata
M. moniliformis
Rhizosolenia eriensis +
R. minima +
Skeletonema costatum
S. subsalsum
Stephanodiscus astraea +
Tlialassiosira baltica
T. bramaputrae
T. levanderi
Thalassiosira sp.
Äclinantlies taeniata
Amphiprora alata
Ä. paludosa 0
Amphora coffaeformis
Asterionella formosa
Bacillaria paxillifer
Cocconeis pediculus
C. scutellum
Cymbella ventricosa
Diatoma elongatum
D. vuigare var. constricta
Dipioneis spp.
Epithemia sorex
E. turgida 0 0
E. zebra
Fragularia crotonensis 0
F. pinnata
Gyrosigina sp.
Licmophora debilis
L. gracilis
Navicula cryptocephala
N. peregrina
N. radiosa
N. vanhoeffenii
Nitzschia acicularis 0
N. closterium
N. cylindrus
N. frigida
N. longissina
Nitzschia sp.
Pinnularia sp. +
Pleurosigma sp.
Rhoicosphaenia abbreviata
Surirella ovalis
+ 1 1 CW
0
1
1
1
+
0
1
. e
O 0 CW
0 w
O O W
0
O 0
O 0 1
0 0 1
f
. we
O .
. c(w)
0 e
f
O O 0 c(w)
0 0
O 0 0 c
O 0 O
O 0 0 C
0 0 1
0 0 1
0 f
0 1
+ 1
0 1
0 fl
O 0 O 0 (1)
O 0 ‘ 1
+
. 1
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68 69 70 73 74 75 ecol.
S.ovata 0 0 0 0 1
Synedra acus 0 0 0 lf
S. pulchella 0 a 0 1
S. tabulata . . . 1
S.ulna • lf
Synedra sp. s . . 1
EUGLENOPHYCEÄE
Ästasia sp. ÷
Colacium vesiculosum 0 + + £
Eugiena acus 0
Eugiena sp. . 1
Eutreptiella sp. ‘ . . .
Trachelomonas hispida 0 f
T. volvocina + 0 f
?RAS INOPHYCEAE
Pyramimonas spp.
CHLOROPHYCEAE
Chlamydomonas sp. . . + 0
Pandorina morum 0 f
Sphaerocystis sohroeteri + (f)
Chodatella sp. 0 0
Crucigenia quadrata + f
Dictyosphaerium elegans 0 0 f
0. pulchellum ÷ 0 ff)
Golenkinia radiata 0 f
Kirchneriella contorta e 0 0 f
Monoraphidium contortum 0
M. minutum 0 0 0
M. mirabile 0 0 0 0
M. setiforme 0 s 0 f
Oocystis borgei a
0. lacustris +
0. submarina 0
Pediastrum boryanum + f
Scenedesmus acuminatus
S. arcuatus 0 f
S. bicellularis 0 0 0
S. communis 0 0 0 0 0
S. denticulatus 0
S. ellipsoideus 0 f
S. obliquus +
S. opoliensis + 0 0
SO SPiflOSUS 0
Tetraedron minimum 0 • 0
Treubaria triappendiculata 0 f
Planktonema lauterbornii 0 0 0
Closterium acutum 0 0 f
Staurastrum sp. + f
J
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ON PREDICTION OF THE FETCH-LIMITED WAVE SPECTRUM
IN Ä STEADY WIND
Kimmo K. Kalima
Finnish Instjtute of Hanne Research
P.O. Box 33
SF—00931 Helsinki, Finland
ABSTRACT
The wave predietion relations in a steady wind are studied
using the author’s empinical data together with data from
otlier sources. An empinicai spectrum is presented which
takes into account the recent results concerning the satu—
ration range. The fetch reiations of the dimensionless
peak frequency (=w U/g) and dimensionless energy
2( g2a2/Uk) deried mfrom this spectrum approximation
are consistent with the empinical fetch relations. The
influence of atmosphenic stratification is discussed; the
results indicate that stability is not the only reason
for the observed differences in the wave growth between
experiments. Forecasting relations for fetcli—limited waves
in a steady wind are determined from empinical data using
the form of the spectrum as an additional condition. The
results are compared with independent steady-state fetch
limited wave data using routine hindcast estimates for
the sea wind given by the Finnish Meteorological Institute.
The agreement is satisfactory.
Keywords: wave prediotion, wave spectrum, Baltic Sea
1. INTRODUCTION
Äithough the cause—effect relation between wind and waves is
evident, our knowledge of the physical processes of wave
generation by the wind is stiil inoompiete. Wave prediotion
inodeis are therefore combinations of theories and empirical data
on wave growth.
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The best-controlled conditions in field experiments occur
when the waves are limited by the fetch in a steady wind. The
source functions for wave prediction modeis have been derived
mainly from such experiments. However, even in such conditions
the growth of the wave spectrum is only partly solved. Recent
experiments have shown considerable differences: in our
experiment (Kahnia, 1981a) the energy of the waves observed at a
given dimensionless fetch was twice that observed in the
extensive JONSWAP experiment (Hasselmann et al., 1973). The data
of Donelan (1978) show equally rapid growth. Large differences
have been observed previously but usually they have been related
with a large scatter. This time the data were measured in a very
steady wind and the scattering was therefore small. Some
indications have been found that the atmospheric stability
contributes to these differences (Liu & Ross, 1980). Our results
in the present study indicate, however, that although stability
seems to have some influence on the wave growth, the variability
within one experiment seems to be small compared with the
differences between separate experiments.
Another subject of the present study is the implications of
the new form of the wave spectrum at the low-frequency part of
the saturation range.
2. THE DATA
Our data consist of routine wave measurements in the Gulf of
Bothnia and of a special wave growth experiment in 1976 and
1979. In the wave growth experiment a profile of four
consecutive waverider buoys was used to measure the wave growth
in fetch-limited conditions. Most of the observations were made
in an exceptionally steady offshore wind period during which the
stratification was unstable. The experiment is described in
detail in Kalima (1981a).
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The routine measuroments were made by a waverider buoy about
8 km south—west from the automatic weather station on Ulkokalla
islet (Fig. 1). The deptli in the measuring place was 40 m. The
data were transmitted by radio to the receiving station on the
shore and recorded automatically every three hours. During these
measurements there were no periods in which the wind was as
steady as in our 1976 experiment. The wind data were, on the
other hand, measured only every three hours. A stringent
criterion in the wind speed could therefore select situations in
which probably just by chance the wind at three hours intervals
was within the limits. We therefore used somewhat wider limits:
1- 30 * for the wind speed and + 30° for the wind direction,
and required instead that the trend (U/3t)/U was less than
16 %/h and the trend in the direotion aoat was less than
2..5°/h. The situations in which the wind was blowing along the
shore and the speotra in which swell was present were also
excluded from the data set which was used to calculate steady
state fetch-limited spectra.
The data from other souroes which are discussed in the
present study are summarized in Table 1.
Fig. 1. The places where our data were measured. Letters refer to the data
sets in Tab1e1.
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3. THE SPECTRUM ÄPPROXIMATION
For gravity waves the saturated part of the spectrum has
previously been described by the well-known Phillips law
(Phillips, 1958)
Sfw) = ag2u5 , (1)
where a is a dimensionless constant, which according to the
original arguments of Phillips shöuld be independent of fetch
and wind speed. Recent measurements (Mitsuyasu, 1980; Kahma
1981a,b; Forristali, 1981) have shown, however, that at least in
the low-frequency part of the saturation range the spectrum has
the form
S(w) Ugu , (2)
where is a dimensionless constant. The empirical value of
was in our data 4 5 10 From a considerably smaller data set
Mitsuyasu found a slightly smaller value = . 10. Ät
dimensionless frequencies = wU/g > 5 the form of the saturated
spectrum is controversial Kawai et al (1977) have reported Eq
2) with = 3.2 . to be valid up to = 10, but this
contradicts the results öf Burling (1959) and Mitsuyasu (1977),
which clearly support Eq. (1) when c3 > 5.
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W/(27tHz)
Fig. 2. Randomly chosen examples of the spectra of data set K presented
in a form which shows that the spectra follow a -4 power law in
the low-frequency part of the saturation range.
In the high-frequency gravity-capillary range, > 20,
several authors (Pierson and Stacy, 1973; Toba, 1973; Mitsuyasu,
1977) have found that the spectrum has the form
S(w) = augw4 (3)
wliere g = g ÷ yk2, u is the friction velooity and y is the
ratio of surface tension to water density. Toba (1973) has
suggested that this law should hold for the entire saturation
range. The constant a, however, ja considerably smaller than
in the gravity range (C10 is the drag coefficient),
which suggests that there is a range in which the spectrum
decreases with frequency more rapidly than w4.
-5
0.0 0.2 0.4 0.6
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Äs mentioned earlier, the data of Burling (1959) and the data
of Mitsuyasu (1977) show olearly a -5 power law with a about
1.5 . _o2. Some evidence of the transition was found in our
data from the Bothnian Bay (Kahma, 1981b). In that data the
Phillips a, when determined from a fixed frequency interval,
showed linear dependence on the wind speed, as the eguation
= fconsistent with Eq. (2)) predicts, up to the
dimensionless frequency = 3.8. There it reaclied the value
1.6 . _o2 and remained constant up to the highest wind speed
observed in that data, which corresponded to the dimensionless
frequency = 5.
Clear evidence of such a transition was observed by
Forristail (1981). His data were measured at high wind speeds
and a wider range of a -5 power law could be seen. Forristali
found from lis data = (2)3C½_0 . 443 . 1O and
= 2flC½_ 0.0275, which, using C_0 = 1.3 . io gives
= 3.96 . 10 and = 4.8.
Near the peak the spectrum is well described by the so-called
JONSWAP spectrum (Hasselmann et al , 1973)
$ f) = r1j2w54j(u/u) (4)
where
)2
exp {- (—) + lnY exp
2622
‘
and and 6 are the shape parameters. Hasselmann et al. (1973)
found the following average values for the shape parameters:
= 3.3; 6 6a = 0.07, m’ 8 = 6b = 0.09, m
GUnther et al. (197) have parametrized the transition to the
fully developed stage by
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YJ=3O3 wml
= 1 + 2.3 —0.82 1 > > 0.82
U0.82
In the JONSWAP spectrum a was defined from the observed
spectrum S as a mean of S0(w)u5g2/4’ in the frequency range
1.35 Um < < m (Hasselmann et al., 1976). The JONSWAP data
showed that a clearly is not a constant, but depends on the
dimensionless fetch X (and therefore on This can be
explained using the new form (2) of the spectrum, and we find
the following relation between and
cz =(2
- 135um)•’
2w
(ag U10w4 . w5g2/)d
=
1.35
As reaches the transition frequency Wa a. should become a
constant which is proportional to aua. The empirical relation
found by Hasselmann et al. (1976) for their composite data set
from different sources was
= 7,33 .
The exponents from the JONSWAP data (data sets A and C in
Table 1) are even more close to one:
= 5.87 . 1017 , data set A
= 5.95 . ;o9 , data set c
When the laboratory data were taken into account, Hasselmann et
al. (1973) found
= 9.7 . io32”3
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However, as they aiready mention, the laboratory and field data
separately show relations with ezponents much more close to one.
Such a feature is easy to understand if we assume that there
exists a frequenoy range between the ranges of Eq. (2) and (3)
in which the speotrum has the form (1).
We can now combine the following approximation for the
spectrum of fetch-limited waves
S(w) = g2w5 S(w)
where the dimensionless spectrum S is defined as
(iö) =
a4’( W/’Wm) &3 < 1.3
and
> L3W
(:i3 >W2
and
= 4.0
0.05
1.3&L <
< 1.3
= CW2
,
a = 0.012
004
0.03
0.02
0.01
w
30 4.0 5L)
Fig. 3. The dimensionless spectrum function of Eq. (5).
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When >w2 the spectrum is based on measurements of Mitsuyasy
(1977).
The parameters a and are discussed in the next section, for
convenience we give the results here:
3.3 . io average growth
=
4.5 . 10 very rapid growth
22 X1”3 average growth
u =
m 1’320 X / very rapid growth
The function is defined in Eq. (4), and for the drag
coefficient we refer e.g. to the review of Garratt (1977).
4. THE FETCH DEPENDENCE OF PARAr1ETER$
In addition to the parameters
m
änd it is useful to
introduce also the dimensionless energy &2 = g2a2/u1 where
= J S(w)dt
For relatively developed waves, < the spectrum (5) gives
the following relation between a and
2 rE 3 1m3
= a m
(1
- (—) ) . (6)
Here we have introduced a parameter rE:
r Li
2’ a
rE = G [f % U g w du + f a11g u dm
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which describes the contribution of the ovesliooting part and the
forward face of the spectrum. It is directly related to the
shape parameters 6a’ 6b’ y of the JONSWAP spectrum; the
average values correspond to rE = 2. For a shape—invariant
spectrum rE should be a constant; when is not close to
w, spectrum (5) approximately fuifilis this assumption.
The other free parameter a can be estimated semi
theoreticaiiy (Kahma, 1981a). The method, originally introduced
by Longuet-Higgins (1969) to estimate a, is guite insensitive
to assumptions about energy input to the waves: an order of
magnitude increase in the momentum flux to the waves increases
a by only 40 %. Using this estimate, a 5.1 . i0, and
taking into account that rE 1, the -4 power iaw of the
spectrum gives an independent first approximation estimate
(rounded to one digit).
2 . ;3 (7)
when is sufficiently much smaller than
We turn then to the empirical detern1ination of the relation
between and w. Our data, together with data from other
sources, are presented in Fig. 4. For ali data sets the least
squares fit for ln = a ln + b gives the following reiation
2
= 1.97 . 1O
. m292 (8)
An interesting point is the close agreement of the exponents in
(8) and (7) (the agreement of the coefficients is not egually
significant because of the uncertainty of the coefficient in Eq.
(7)). The data sets which consist of many data points show aiso
exponents close to -3 fA -2.95, c -3.05, K and 1 -3.01), the
ezponents of the other data sets vary between -2.0 and -3.9. If
we, according to Eq. (7), choose the exponent -3 the relation
wili be
2
= 2.03 . 1O
. m3 (9)
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The data sets are presented in groups according to their
scattering. Except for M, the scattering seems to be reiated to
the energy at given m2 data sets with a large scattering
show on the average smailer values of at the same but
the upper limit of ali data sets seems to be the same. The wind
speed in data set M fLiu & Ross, 1980) was determined from the
drift of the aeropiane and the wind speed at 10 m aititude was
caicuiated by a model (Cardone, 1969). Since an error in the
wind speed alters the relation between and their
resuits do not necessarily contradict the suggestion that the
data in Fig. 4a wouid represent an upper limit of the relation
2between and tom.
The dashed line in fig. 4 shows Eq. (6) with rE = 2 and =
45 . 10 (the values observed in data sets K and L). The
transition in the spectrum (5) from the —4 law to the -5 law
makes the curve steeper when approachesi = 3.8. The data
set 0 may be considered to show some indication of this.
The contribution of stability to the differences between
groups will be discussed separately in seotion 5.
In their analysis Hasseimann et al. (1976) did not find any
relation between the shape parameters YJ’ 8a’ 6b and the
dimensionless peak frequency 63m• Our data did not show any
significant dependence of rE on either. We shall therefore
use rE = 2 which corresponds to the average values of the shape
parameters observed in the JONSWAP experiment. Integration of
the spectrum gives then = 3.3 . 10, which olosely
corresponds to the value observed by Mitsuyasu (1980).
To derive the relation between and X we use the
transport eguation
+
aS()s(ø)
- Gig Bx -
where s (Ø) is the spreading factor, Cgi = du/dk the group
veiocity and G is the source function. It can be written in the
form
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- [ff S()s(w,O) cosØdØdw +
+ [ffs(w)s(w,ø) cos Ø dØdu] = , (10)
where is the fraction of the total stress t which
remains in the waves. Since we are studying deep water waves we
may approximate
w/k = g/u
du/dk = g/2w
whence we get
2 2
aa - nPaC_OTJ_O
a
n g
w
where a = 2 if s (Ø) = 6(Ø), and a = if s () =
(6(e) is here the Dirac delta function which corresponds to
unidirectional waves). Otherwise the resuit is independent of
the form of the spectrum. Ässuming
‘rjC_O and are independent
of the fetch X, we get
2
= a — yC_0X (11)
Fig. 5 shows that the linear dependence on X is valid in
each data set up to X = 5000. The deviations between different
data sets are larger than the deviation from a linear dependence
within each set. Äs pointed out by Hasselmann et al. (1973),
this supports the assumption yC_ = constant for a wide range
of fetches. For fully developed waves must be zero, and for
X > 5000 the data show a tendency to approach a constant value.
This transition seems, however, to occur considerably later than
was suggested by Donelan (1978) or Toba (1978).
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Fig. 5. Dimensionless energy versus dimensionless fetch X
Continuous line is Eq. (12), dashed line Eq. (13).
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Fig. 6. Dimensionless peak frequency versus dimensionless fetch L
Continuous lineis Eq. (15), dshed line Eq. (14) uith the
coefficient of X egual to 20.
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for dimensionless fetch X < 7000 we find the following
relation for data sets Ä, K, L, M and 0 (the fetch was not
reported for other groups)
2
•7
= 2.09 . 10 x (12)
For the very rapid growth relation fdata sets L, K, 0) we get
2
•7
= 3.6 . 10 X . (13)
The value ‘(C10 = (11 ... 15) . 1o estimated from (13) agrees
with that estimated by Donelan (1978), who measured the
spreading factor and dispersion relation, and took into account
the time derivative in Eq. (10). Eq. (12) corresponds to
‘flC1o = (6.5 ... 9) .
—
If we assume that
‘nC_0 U_0 and are independent of X
for fetch-limited waves, the spectrum (5) gives the following
relation when < 3c:
3a.!
yC1013 -1/3
, (14)
where a depends on the spreading faotor s (Ø) as in Eq. (11).
When we neglect the influence of the seoond term, which is
important only near , and use the values of
‘nC_0 rE and
from above, we get
= (20 ... 22) X’3
For X < 7000 we find from the data sets Ä, K, L, M and 0
Wm = 19.0
0.31
and if the exponent -1/3 is used the relation becomes
= 22.4 -1/3 (15)
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For very rapid growth we find
20 -1/3 (16)
These relations and Fig. 6 show that although the agreement with
the form which is consistent with the spectrum is close, it is
not perfect. Some data sets indeed show exponents significantly
different from —1/3. Several explanations are possible, such as
bias in wind estimates or the influence of a surfaoe current.
Also liere the data shows a tendency to appröach a constant
value when X > 5000. Some indication of the effect of the
second term in Eq. (14) can be seen in data set 0, but nothing
in data set Ä.
5. ON THE INFLUENCE OF STÄBILITY
The differencesbetween the data sets are ao large that they
cannot be explained just by the local geophysical variability öf
the wavefield which arises e.g. from the inhomogeneities of the
wind field. Partly the differences are probably due tobias in
the wind measurements, caused by e.g. the effect of the ship’s
huli or a deviation from the standard 10 m in the anemömeter
height. However, such a bias cannot be expected to be as large
as 50 %, which would be necessary to bring the observations of
Donelan and Kahma in agreement with the JONSWÄP experiment. This
suggests that there are important variabies which are not
included in the Kitaigorodskii scaling law. Ätmospheric
stratification has been suggested by several authors as one such
variable.
The drag coefficient C10 varies with stability by a factor
larger than two. In addition, Donelan (1978) has reported a
stability dependence of from 0.03 for stable to 0.07 for
unstable stratification. The range of observed variability in
Figs. 5 and 6 is therefore consistent with that predicted by
Eqs. (11) and (14). In unstable stratification 2 seems at
first glance indeed to be higher than in stable stratification.
Ä more detailed look shows, however, that the situation is more
complicated.
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First, the instability during the measurements of data set M
(here ii refers to unstable stratification) was stronger than, or
the same as, in data set K. The sets K and should therefore
be guite close to eacli other, and should rather show higher
values of than K. This is not the case in Fig. 5, where the
points of M lie in the middle of K and A. More important is
that the data sets 0_ and 0 and our new data sets N and
show only little dependence on stability. It is clear that the
difference between sets M and M5 is oorrelated with stability,
but the wind speed U10 and the temperature T_0 in this case were
not directly measured. The other large differences in Fig. 7.
which are correlated with stability are only between data sets
which belong to different experiments, and therefore may have
other differences in addition to the stability.
We must also take into account that although in the data
set 0 showed a dependence on the bulk Richardson number (cf.
Fig. 13. in Donelan (1978)), the parameter C10 Y calculated
from the same data shows considerably more scatter fFig. 8). Our
conclusion is therefore that, although the data show some
dependenee on the stability as Eqs. (11) and (14) suggest, it is
not yet clear that stability only can explain the differences
between the data sets.
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Fig. 7. The data divided according to stability.
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Fig. 8. The parameter C_0y versus fetch in data set 0 (Donelan, 1978).
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6. PROPOSED WAVE PREDICTION RELATIONS
The differences discussed in the previous sections are too large
to be ignored. For practical wave prediction we therefore
introduce two sets of relations: relations based on ali data
sets and relations based on data sets K and 0. The latter
probably represent the upper limit of the wave growth which may
occur e.g. in unstable stratification or in steady wind. Since
the exponents of the relations are very ciose to those derived
from the -4 power law of the spectrum in the saturation range we
use the relations (9), (12), (15) fitted to these exponents.
Finally, the coefficients in (12), (15) are adjusted $0 as to
produce the best possible agreement with (9). The following
relations are then obtained for fetch-limited waves:
average: very rapid growth:
2 2
= 2.03 . 10 (17) = 2.9 . 10 (18)
2 7 — 2
= 2.0 . 10 X, X < 22 000 (19) = 3.6 . 10 x, X < 16 200 (20)
4.4.103,X>22000 5.810-3,X>16200
= 22 . x•113 X < 22 000 (21) c = 20 . X”3 , X < 16 200 (22)
0.79 . , X>22000 0.79 ,X>16200
The transition to the fully developed stage has been chosen to
be at = 0.79, which (after correcting for the differences in
the anemometer heights) corresponds to the value found by
Pierson and Moskowitz (1964). The data in Figs. 5 and 6 indicate
that the transition sliould occur much earlier. However, the
present data near the fully developed stage have been observed
mainly during light winds, when it is difficult to ensure the
homogeneity of the wind field. Therefore, to be on the safe
side, we have chosen the transition to the fully developed stage
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at the level which agrees, also with respect to the energy, witli
the observations of Pierson and Moskowitz (1964) and Mitsuyasu
(1980).
Compared with the relations proposed by Hasselmann et al.
(1976) for the parametria wave prediction model, our average
relations predict about 10 % higher waves and from 5 to 10 *
larger peak periods for X > 2000, which is a typical range of
fetches in the open sea.
The fetch relations for significant wave height and peak
period are shown in Fig. 9.
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Fic. 10. Dimensionless energy versus dimensionless fetch X; steady—
state conditions in the Bothnian Sea in 1974 and 1975. The scaling
wind was determined from the sea wind estimates.
7. COMPARISON WITH OUR EARLIER DATA
To study the applicability of the relations derived above to the
problem of practicai wave prediction in the Gulf of Bothnia we
analysed the steady-state fetch-limited spectra which were
measured in the Southern part of the Bothnian Sea about 18 km
north from -Sandbäck in 1974 and 1975. Since reliable wind
observations from the open sea were not available during these
measurements, the sea wind estimates given out by the Finnish
Meteorological Institute were used. In addition, the
measurements from the Kuuskajaskari weather station were used to
determine the variability of the wind, because the sea wind
estimates were given out only every 12 hours. Fig. 10 shows the
fetoh dependence of a2. The relation (19) represents well the
average growth and most of the points fali below relation (20).
If the method of determining the sea wind estimate is not
changed this suggests that relations (19) and (20) are suitable
in the Gulf of Bothnia as estimates of the average and probable
maximum wave growth in steady-state fetch-limited condition in
the absence of swell.
+ +
+
+
i w’
+
+
+
+ .4+ Eqi
++ +
++
j3 10’ - — -
x
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8. CONCLUSIONS
The wave prediction relations for a steady wind were studied. Än
empirical spectrum was presented which takes into account the
recently observed -4 power law in the low-frequency part of the
saturation range. The fetch relations of the dimensionless
energy = g2a2/U4 and the dimensionless peak freguency
(Jim = wU/g derived from this spectrum are consistent with
observations.
To explain the large differences between some experiments the
influence of stability was considered. Although some dependence
on stability was observed, it is not olear that stability is the
only reason for the observed differences.
Two sets of prediction relations were therefore proposed in
Section 5: relations from the composite data set and relations
from the data sets which show a rapid growth. The latter
relations may be considered as the probable upper limit which
may be observed in some conditions - perhaps in unstable
stratification.
The relations for wave height were compared with steady-state
observations in the Bothnian Sea using routine sea wind
estimates given out by the Finnish Meteorological Institute. The
relation (19) corresponds well with the average of the data and
most of the points lie below relation (20).
Manuscript received 30.3.1981
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3ASINS QF THE BALTIC SEÄ
- TRAPS FOR ELEMENTS
E. M. Emelyanov
USSR Academy of Sciences
Institute of Oceanology Atlantic Department
Many elements are acoumulating in inoreasing amounts in Holocene
sediments of Baltic Sea basins (Blazhchishin, Emelyanov, 1977;
Emelyanov, 1981b) Those present in the greatest abundanoes are
biogenic carbon amorphous silioa and manganese, followed by Mo
F, Ba, Ni, Cr, Co, Cu, V and Fe The maximum contents of these
elements are from 1 5 to 10 times higher than their average
content in marine deposxts in marginal zones of the Baltic Sea
basins (Table 1) What is the reason for the sharp accumulation
of elements in the sediments of basins compared with those of
the Baltic Sea marginal zone’ There are several reasons, the
main one being the process of mechanical separation. Äs is
known, many eiements associate with fine fractions of
terrigeneous deposits, primarily with clay minerais. The
distribution of tliese elements follows the rule of the pelitic
fraction (Rule3 afterEmelyanov 1981a, 1982b): the greater the
pelite content in sediments, the higher the amounts of elements.
Äs ciay minerais are always more abundant in the sediments of
basins than in the sediments of more shallow sea, so the
contents of elements are considerably greater in the basins. The
most obvious example of element distribution according to the
pelitic fraction is the Gdansk basin of the Baltic Sea. The
deposits of this basin contain higher than average amounts of
Äl, Ti, X, Na, Fe, Mn, P, Li, Rb, Cs, Cr, Ni, Co, Ba, B, Äu
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(Figs. 1-4, Table 1). The contents of these elements, however,
are within their clarke” ranges in deposits of the Gdansk
basin, i.e., the elements do not accumulate in sharply elevated
concentrations in basins like the Gdansk one in the course of
mechanical separation of suspensions. Neither have they
the Gulf of Riga or in the
bas ins.
accumulated in increased contents in
Ärkona, Bornholm or any other Baltic
The second reason for the sharp enrichment of elements in the
basin deposits is their specifio hydrological and liydrochemical
regimes. The most illustrative example of a basin with such a
peculiar regime is the Gotland basin, and to a lesser extent the
Bornholm, Landsort, Farö and some other basins. The specif ic
conditions of these basins are caused by the stratification of
Fig. 1. Äl distribution in upper layer (0-5 cm) of the Gdansk lasin bottom
sediments, in %.
1/ ‘clarke” means ‘normal”
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waters into three iayers: an upper aotive layer sharply mixed
and saturated with oxygen, a middle underiying iayer of density
disoontinuity, which is impoverished in oxygen, and a lower one
contaminated with H2S during some periods. The interfaceof 02
disappearance and H2S appearance is a strong geochemical
barrier. Above thisbarrierMn and Fe accumuiate inwaters as
the finest-grained particles of their hydroxides. These
hydroxides form mainiy as a resuit of diffusion of dissoived
forms of Fe and Mn from the lower H2S zone. Large amounts of
dissolved manganese (up to1x106 tons) accumulate as Mn2+ under
the 02-H2S barrier, whereas the contents of Fe, Ni, Cu and öther
träceeiements are lower. If the 02-H2S barrier disappears (when
the salme North Sea waters penetrate intö the basins or during
intensive water mixing) a greater part of the dissoived eiements
is oxidized (first of ali Mn2 and Fe2) and settles almost at
once on the bottom as hydroxides. During some periods a 1-cm
iayer of jelly-like Mn and Fe hydroxides accumulates on the
bottom. These hydroxides also absorb and coprecipitate some
trace elements, principaily Ni, Co and Cu, but aiso Cr, V and
others (Blazhchishin, Einelyanov, 1977; Emeiyanov, i981a).
The third reason for eleväted amounts of eiements in basins
:with periodio appearance of 1125 near the bottom is biological
activity. Organic matter is produced in abundance in the waters
of the upper iayer. During the blooming of phytoplankton the
guantity of some algae in water is so great that the
transparence of water decreases to 0.5-1 m. The aigae die 0ff
and settie on the - bottom. The process of their decay becomes
much slower in the H2S -medium, and as a resuit microlayers of
deposits consisting aimost exciusiveiy of biogenic matter or
even of skeietons of diatomaceous algae form. Some metais,
mainly ?, Mo and V, and to a lesser extent Cu, Zn, Ni, Crand
others, aiso settle aiongwith the biogenic matter of pianktön.
The interaction of some of these eiements starts during the
period of activity of piankton (Piiipcliuck, Emelyanov, 1979;
Biazhchishin, Emeiyanov, 1977), when they are partly absorbed by
organic detritus on the bottom.
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The process of diffusion in reduced deposits occurring under
the layer of discontinuity, but above the stagnation level,
takes place mostly in one direction
- from bottom deposits to
near-bottom waters. As a resuit of the destruction of organic
matter, SO2am from the reduction of hydroxides, C02, C, N, Si,
F, Mn and many other elements penetrate from the “active layer”
of the deposits into near-bottom waters whereas Mo and probably
Ba move from the water into the sediments. Hence, the partial
pressure of C02 in near-bottom waters increases to 30-50x104
atmospheres, the waters beooming greatly enriched in P, N, Si,
Mn and other elements. Reduced sediments are virtually
homogeneous throughout the sediments as a resuit of the activity
of mud-eaters and fossorial organisms and also the uniform
sedimentation conditions during the last 5x103 to 7x103 years
(Fig. 5).
Deposits in stagnant parts of the basins are subjected to
intensive early diagenetic transformation. Tliese are the
sediments displaying the highest contents of reactionable Fe2
and Mn2 anywhere in the Ocean. Very high baoterial activity,
causing the reduction of S, Fe and Mn, the destruction of
biogenic matter, the formation of Fe monosulphide (hydro
troilite), grigite (meinikovite), Mn carbonates of complicated
composition, rhodochrosite and Fe sulphides in the basins, and
the formation of vivianite, barite and Fe sulphides (grigite) in
its marginal parts, is observed in the deposits. Thus carbonate
manganese, sapropel-like and sapropelic deposits are
characterized by the following paragenesis of authigenous
minerais: grigite (meinikovite) -Mn carbonates of complex
oomposition-rhodochrosite, sometimes vivianite-barite-siderite
Mn phosphates-Fe-Ca phosphates. The association of elements Corg
•sibiogenic•MnF•P•Se•As•Mo•co is characteristic.
Besides the intensive exchange with metais at the water
sediment interface, further destruction of biogenic components
and consequently the movement of C, N, Si, P, $ and other
elements (primarily Ba) into the near-bottom waters continues
under these facies conditions. Therefore authigenic minerais of
some of these elements cannot stay in the sediments of the
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stagnant zone (e.g., barite BaS04), but form and remain only in
sediments in the marginal parts of the stagnant basins (i.e.,
where the stagnation is more ‘mi1d”).
The interstitial waters of some basins, e.g. Gotland,
Bornholm and Farö, are saturated with dissolved Mn. The active
redjstrjbutjon of the matter accumulated takes place in the
bottom deposits. The processes of diffusion exchange do not
finish at the geochemical water-sediment barrier (Emelyanov,
lg8lb; Emelyanov, Pilipchuoket al., 1982).
Thus the Baltio Sea basins, where H2S appears periodically in
near—bottom waters, are ezcellent traps for Corgi 5, Mn, P, Mo
and V, and partly also for Fe, Ba, Cu, Zn, Ni, Co, Cr and some
other elements. Carbonate-manganese sapropelic and sapropel-like
sediments form in these basins. The author regards them as
analogues of primary Lower Oligocene manganese ores of the
Nioopol deposit in the southern part of the Russian platform
(Dnepropetrovsk region, southern Ukraine, USSR). These deposits
have been accumulating since the penetration of the salme North
Sea waters into the Baltic Glaoial Lake (Fig. 5).
Let us compare the carbonate-manganese sediments of the
Baltic Sea with the Lower Oligocene manganese ores of the
Nioopol deposit.
The Lower Oligocene ores are rich in Xi, Co, Cu, Ba, Mo, Pb,
Zn and other elements (Strakhov et al., 1968). The carbonate
manganese deposits of the Baltio Sea are also characterized by
elevated contents of Ni, Cu, Ba, Mo, Zn, SiO2, Corg and U.
Lower Oligocene ores (and the Baltic Sea sediments) grade
rapidly, over a distance of a few kilometres tor some dozens of
kilometres) laterally, into normal rocks fsedirnents) with clarke
contents of Mn. The higher the Mn content (2+) is in the
Baltic Sea, the deeper are its areas of accumulation.
The ore-forming process taking place in the Baltio Sea basins
is superimposed on the olarke geochemical content condition that
prevails elsewhere on the Baltic Sea bottom where an oxidized
fiim is absent. The ore-forming process in the Baltio Sea lias
not developed from the clarke content but is superimposed on the
olarke sedimentation ouing to the favourable action of the
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following exogenic factors: 1) the inflow of salme Atlantic
waters causing the stratification of waters; 2) the rapid
development of phytoplankton and the accumulation of their
remains on the sea bottom as sapropels; 3) the appearance of H2S
near the bottom; 4) the active supply of Mn to the sea; 5) the
diffusion of Mn from sediments into waters.
Äccording to N. M. Strakhov et al. (1968, p.255), the Lower
Oligocene ore accumulation took place in the south of the
Russian platform under shallow-water (10 m to 50 m), oxidized
conditions (the waters were saturated with Numerous species
of bottom fauna (mainly mollusks) are present in Oligocene ores.
The Nicopol deposits formed in a transgressive basin. The
Baltic carbonate-manganese sediments are also depositing in a
transgressive sea (transgression began during the Lower
Holocene).
The ores in the south of the Russian platform differ from
carbonate-manganese deposits of the Baltic Sea not only in fauna
but also in the low content of biogenic carbon and in the
mineral composition of the ores. For instance, mainly oxide
(pyrolusite-psilomelane) ores dominate in the Nicopol deposits,
whereas carbonate ores prevail in the Baltic Sea. N. M. Strakhov
et al. (1968, p. 255) explain this phenomenon as follows,
‘.. the belt of development of reoent oxide ores of the South
Ukrainian deposits, in general, is the area of complicated crust
of the primary carbonate-manganese ore weathering with the
relicts of these primary accumulations.” Thus the ore-forming
process in the soutli of the Russian platform may have been
initially exactly the same as that in the Baltic Sea, i.e.,
carbonate-manganese deposits in the south of the Russian
platform may have accumulated during the Lower Oligocene under
the conditions of periodical stagnation when salme sea waters
entered into sliallow-water gulfs and seas just as the salme
Ätlantic waters flow into the Baltic Sea nowadays. First, an
amorphous Mn carbonate of complicated oomposition probably
formed on the bottom of such gulfs and seas. It was followed by
rhodochrosite (and Mn sulphide)-manganocalcite-manganite, and
then by pyrolusite, which formed as a resuit of washout and
secondary oxidation.
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3+The contents of Fe and Fe monosulphide deorease,
whereas the content of FeZI increases. Mn carbonates are better
crystallized and have turned into rhodochrosite in the Baltic
Sea in the course of diagenesis (Emelyanov, 1981a, Emelyanov,
?ilipchuck et al., 1982). The same processes may have taken
place in manganese Lower Oligocene sediments, too.
Thus, taking as examples the Baltio Sea basns and Lower
Oligocene manganese ores in the south of the Russian platform,
one may establish some stages of accumulation and transformation
of manganese sedlments and ores (Fig. 6). Stages 1 and II are
typical of the Baltic Sea. The first stage was characteristic of
the period when stratification of waters did not occur, and the
basins were well aerated. This was the Baltic Glacial Lake
stage, when Mn dispersed and its ores were not accumulated under
the iayer of density discontinuity. Äbove this layer,
ferruginous crusts, and fiat and shot-sliaped Fe-Mn nodules
began to accumulate (the zone of oxide Fe-Mn ore processes)
(Emeiyanov, 1982a).
The second stage is the transgressive stage of the Holocene,
when as a resuit of eustatic elevation of the Ocean level, the
Baltio Sea was connected with the North Sea, i.e., with the
Ocean. Salme sea water started to penetrate into the Baltic Sea
and to fiii its deep basins, making them more salme. The waters
were stratified, and H2S began to appear periodically near the
bottom. Sapropelic microlaminated carbonate—manganese deposits
containing amorplious Mn carbonates started to accumulate on the
bottom. At this stage, during the first thousands or tens of
thousands of years, amorphous carbonated turned into
rhodochrosite as a result of diagenetic transformations.
The third stage was when the carbonate-manganese sediments
formed were buried and subjected to intensive diagenetic
transformations. Further diagenetic formation of rhodochrosite
and manganocalcite also took place. This inferred stage of
manganese ore formation in nature has not yet been verified by
geologists.
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The fourth stage took place when diagenetically reworked
sediments reached the surface once more (the zone of wave
movements and intense near-bottom currents). Ore strata were
heavily weatliered, oxidized, washed out and redeposited. Mn
carbonates turned into manganite, and then into pyrolusite. Fe
Mn nodules förmed, and redeposited ore was enriched in Mn. This
fourth stage has not yet been established either.
The fifth stage takes place under subaerial conditions, when
an ore stratum lies above the sea level. Owing to the
penetration of oxygen into the ore stratum (mainly with
groundwater), the oxidation of ores continues and they are
transformed from carbonate into oxide ores.
Thus, taking the Holocene history of the Baltic Sea as an
example permits us to elaborate and supplement the theories
concerning the formation of sedimentary manganese ores
formulated by N. M. Strakhov and his co-authors (1968).
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TÄBLE 1
Äverage and maximum contents of elements in Holocene sediments
of the Baltic Sea. Äfter E. M. Emelyanov, 1976, 1981a
Component, 1 2 3 4
element a b
Fe 1.92 4.56 5.70 7.07 5.52
Mn 0.03 0.06 1.45 6.54 3.28
Ti 0.28 0.46 0.50 0.70 0.50
0.05 0.07 0.22 0.67 0.12
K
— 3.04 3.31 3.67 2.86
Na
— 1.73 2.81 2.93 1.87
CaCO3 1.25 0.81 4.65 13.25 11.14
SO2h 1.28 2.21 1.22 2.35 -
Corg 0.89 3.20 3.06 9.15 5.01
Ba 408 1064 1120 2910
-
Cr 50 114 100 252 80
Zr 281 269 150 300
Ni 21 43 26 96 68
V 55 140 160 320
Sn 3 3 3 2
Cu 44 6 54 140 69
Zn
- 147 246 270 140
Co
- 33 20
Mo <5 <3
— 186 50
W
— <5
— <2 17
1: Äverage for clastio sedJnts (sands, aleurites, 0-5 on layer, occur at
depths of up ft 100 m);
2: Average for aleuritic-pelitic and pelitic iaids (clay) fran < 200 m depths
(0—5 on layer);
3: AleuriUc-pelitic muds (clay niud) and pelitic nuds fclay) fron> 200 m
depths (Gotland basin crily): a - average content for 0-5 on layer, b - maxiina
contents in muds during the whele Holocene (t4 ccritent reaches 12-17 % in
sane miorointerlayers),
4: Average for maranese rmds, containir 1-5 % i (0-5 on layer, Gotland
basin cjnly).
—4Fe-C0 in %, Ba-W m 10 %.
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FIGURES
Fig. 2. Fe, Mn, Ti and P distribution in upper layer (0-5 cm) of
the Gotland Basin sediments, in %. Äfter Emelyanov, 1982a.
(p. 90)
Fig. 3. Fe, Mn, Ti and P distributions in the <0.01 mm fraction of
recent and Late Quaternary sediments of the Gdansk Basin
1 - surface sediments (0-5 cm) II - cores (5-500 cm) 1-5
— Holocene terrigeneous sediments 1 — sands, 2 — coarse
aleurites (coarse siit), 3 - fine-aleuritic muds (fine
silt), 4 - aleuritic-pelitic muds (clayey mud), 5 -
pelitic muds (clay), 6—7 Late Pleistocene terrigeneous
sediments 6 — marine glacial clays, 7 - moraines. (p 91)
Fig 4 Curves of the distribution of average content of elements
in Holocene and Late Quaternary sed;ments of the Gdansk
Basin (p 92-93)
Fig 5 Geochemical profile through the Gdansk (Ä) and Gotland (B)
Basins (p 94-95)
1 - sediment types 1 - Holocene deposits, 2 - Late
Glacial clays, 3 - morainic loams, 4 - the length of cöres
taken. II - C , in %, III - Fe (total), in %, IV - Fe3
org 2+(reactionable), in %, V - Fe (reactionable), in %, VI -
fe (clastic) +Fe (pyritic), in %. Cores studied are shown
by dots, numbers next to the dots show content in * (C
r
—2 2+ og
Fetota_, Fec_astjc+pyrjtjc) and in 10 % (Fe react’ Fe
react
Fig 6 Inferred stages of carbonate-manganese sediments and
manganese ore accumulation (the Baltic Sea and Iower
Oligocene ores of the Nicopol deposit used as examples)
I-V
—
varlous stages of sediment formation and ore
accumulation. V - the stage is after N. M. Strakhovet
al , 1968 VI - the section through the Nicopol deposit is
after N. Å. Panchenko, 1982. (p. 96)
Abbreviations in Fig.: G3Z - a geochemical barrier zone
(after Emelyanov, 1981b, 1982b); FEE - facies of high
energies, FLE - facies of low energies.
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